.
also, for its necessary inclusion to obtain accurate fitting data on other circuit elements. We illustrate this with two examples, a single crystal ferroelectric, BaTi 2 O 5, which is also a modest semiconductor, and yttria-stabilised zirconia, YSZ, ceramic, the well-known oxide ion conductor. a straight line, nearly parallel to Z" which passes through the origin; the spectroscopic plot of the real part of the admittance, log Y' vs log f, shows essentially noisy data (b) since the sample impedance falls outside the measuring range of the instrumentation. However, the spectroscopic plot of the real part of the capacitance, log C' vs log f, shows a frequency-independent plateau (c) at higher frequencies with associated capacitance, ~6 pFcm -1 . This is assigned to the bulk permittivity of the sample, with a value of ~ 70, calculated from the formula = C / e o of in which e o is the permittivity of free space, 8.854 Fcm -1 and C has been corrected for both the geometry of the sample and the stray capacitance of the empty sample holder. At high temperatures, Z* shows the bulk semicircle (g); log Y' vs log f shows frequency-dependent UDR at high frequency and a plateau at low frequency associated with the dc conductivity (h); log C' vs log f continues to show a plateau at high frequency and frequency-dependent UDR at low frequency (i). A similar evolution is observed for a polycrystalline sample of 8 mole% Y-stabilised ZrO 2 , YSZ, prepared and characterised as described in [6] (not shown).
Widespread practice for modelling impedance data uses the Z* plot to present the data and a parallel combination of an R and a constant phase element, CPE or CPQ Table I .
Visually, the Z* plots on linear scales are modelled reasonably well (a) and, consequently, values of R and the pseudocapacitance C associated with the CPE for the angular frequency, , at the maximum of the semicircle are obtained from the fitting (R) and calculated by C = (Y 0 R)
respectively. However, on converting Z* to Y' and C' using ε* = ( *)
and plotting the data spectroscopically on logarithmic scales, the fit is poor Figures 3(b-d) for Z'
and Y' at high frequency and for C' at all frequencies. This illustrates the value of presentation and analysis of the same data in alternative formalisms, which have different in-built weightings, as an exceptionally useful way to assess visually the fit quality.
An alternative strategy, which has been little acknowledged but is based on the fundamental need to include in the circuit the limiting, frequency-independent bulk permittivity of the sample, often referred to as oo , is to fit the bulk semicircle using a parallel combination of an R, CPE, and C Figures 3,4 (e-h) and Table I , respectively. The key difference is that whereas circuit (b) also fits the bulk response reasonably well in the Z* plot with data presented on linear scales Figures 3,4(e) , it also fits well the alternative Z', Y', C' spectroscopic formats which, on logarithmic scales, give equal weighting to all data points over the entire frequency range.
We now comment on the reasons why these two alternative circuits may give significantly different fits to experimental data. In addition to the dc sample resistance, R, both circuits contain a constant phase element, CPE, whose admittance takes the form:
where is the angular frequency 2 f, j=√-1 and A and B are inter-related by the Kramers-Kronig relationship [10], B/A = tan (n /2): 0 < n < 1. However, in addition to R which represents the low frequency limiting resistance, circuit Figure 2 (b) also contains capacitance, C that represents the limiting high frequency permittivity of the material. Thus, Y' for both circuits is the same and is given by:
whereas C' is different for the two circuits and is given by: circuit a:
Consequently, in the presentation of log C' vs log f, both circuits show a low frequency power law response of gradient (n-1), but only circuit (b) shows a high frequency plateau that represents the limiting high frequency permittivity, oo . In cases where experimental data extend to frequencies that are high enough to see a reasonable contribution from oo, such as shown here for both BT 2 and YSZ, then circuit (a) is constrained to give a linear fit to data that are clearly non-linear. The resulting value of the CPE gradient is then in error, as shown also by the lack of agreement with high frequency, Y' data, Figures 3,4(c) . In cases where experimental C' data contain little or no contribution from oo, a linear power law response of C' may be expected and the simplified circuit (a) may then fit the data. However, as shown, it cannot be assumed that this is the case and a more complete analysis than obtained by inspection of data in the Z * representation alone is required.
Fitting of high frequency data, such as these for the BT 2 and YSZ samples, is a first step in a full analysis of the impedance of the ceramic, which at lower frequencies / higher temperatures, contains contributions arising from dipole reorientation, grain boundaries and sample-electrode interfaces as described elsewhere [1,2,11].
Capacitance data of the kind shown in Figures 3,4(d,h) Response and can be represented by a CPE. The CPE contributes to impedance data over an infinite range of frequencies unless this is terminated at high frequencies by the presence of the parallel capacitance, C, and at low frequencies by the parallel resistance, R. There is, of course, no question over the need for R in circuits of materials that are dc conductors, but less recognition of the need for C, as shown by the widespread use of circuits such as Figure 2(a) , even though the concept of a limiting high frequency bulk permittivity is extremely well established for many materials.
The principal conclusion of this communication is, therefore, that C must always be included in the equivalent circuit. If it is not, then the fitted CPE values may be in error which in turn, may have consequences for the value of R that is extracted, Table 1 and for fitting data to more complex circuits such as those containing grain boundary or dipolar impedances impedances Table I 
